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Abstract 
 
The large pile caps of buildings and bridges may have superficial cracks already in the early hours 
after concreting. Due to the large volume of concrete, the temperature inside the pile cap may reach 
very high values, as a result of the heat of hydration of cement. Because of the strong temperature 
gradients, the surface of the pile cap is tensioned and may crack. The employment of skin 
reinforcement does not avoid the cracking of concrete. However, this reinforcement may reduce the 
crack width, providing the onset of a large number of small cracks, instead of a single crack with 
large opening. The object of this work is to address this issue by analyzing the main variables 
involved and suggest a design methodology for the calculation of skin reinforcement of concrete 
pile caps. 
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1. Introduction 
 
 Cement hydration reactions generate heat in concrete and cause a rise in temperature in the 
core of the structural element, which depends on, among other factors, of size of the element. The 
higher the structural element, the higher the temperature reached in its core. The heat is transferred 
by conduction from the core to the surface of the element, where it is dissipated to the environment. 
Because of this heat transfer, temperature gradients rise, which may introduce tension and 
compression stresses in concrete. Once the surface cools more quickly, it tends to shorten, while the 
concrete inside the element is in the heating phase. Thus, the core of the member introduces tensile 
efforts on superficial layers of concrete. These stresses may cause cracks in the concrete, which 
may impair its durability.  
 This is a typical problem of internal or intrinsic imposed deformations and is independent of 
external loads applied to the structure. Because of the temperature differences between the various 
points of the structural element, the imposed deformation (thermal deformation) is restrained, which 
causes compression stresses in the core and tensile stresses on the surfaces of the element. In 
slender structures, the temperature gradients are small and the tensile stresses are not sufficient to 
produce cracks in concrete. However, in large elements these surface cracks may be inevitable. 
 The elements of the framed structure of buildings are usually slender, so there is no need for 
concern with these cracks. However, pile caps may have sufficiently high dimensions so that this 
problem is featured in the structural design. In order to minimize this problem, it may be necessary 
to adopt a set of measures, such as reducing the cement content, using pozzolanic cements, concrete  
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placement in layers of small height, precooling and post-cooling of concrete, protection of concrete 
to avoid very rapid cooling of the surfaces and prolonged cure to reduce shrinkage, among others. 
 The employment of skin reinforcement does not avoid the cracking of concrete. However, 
this reinforcement may reduce the crack width, providing the onset of a large number of small 
cracks, instead of a single crack with large opening. These skin reinforcement mesh to be arranged 
on all sides of the pile cap. 
 The problem of concrete cracking resulting from imposed deformations has been 
extensively studied for one-dimensional elements and for walls [1 to 6]. For three-dimensional 
structures of large volume, such as dams, there are countless studies on the subject, with approaches 
aimed at concrete technology and construction techniques, as the concrete placement in layers of 
small height, precooling and post-cooling the concrete. However, there is a lack of research to 
quantify the skin reinforcement of pile caps of buildings and bridges. For these structural elements, 
it is adopted a skin reinforcement from empirical criteria, based on experience, but without any 
calculation methodology. This is mainly due to the omission of concrete design codes on this topic. 
According to the Euro code EC2 [7], for example, the top and the lateral surfaces of pile caps 
may be unreinforced, provided that there is no risk of cracking of concrete, without presenting any 
criterion for such check. Other design codes, such as CEB-FIP Model Code [8], ACI 318 [9] and 
FIB Model Code [10] do not even comment on the subject. As a consequence of this lack of 
normative guidance, it is usual to find discrepant solutions, from the total absence of skin 
reinforcement to the employment of visibly excessive skin reinforcement. 
 The aim of this paper is to study this problem and propose a methodology to calculate the 
skin reinforcement of large pile caps. The thermal analysis is accomplished with the finite element 
method [11]. The stresses in concrete are obtained through a simplified analysis of the critical 
section of the pile cap. The study is limited to two-dimensional heat transfer analysis. However, this 
analysis may be used with reasonable approximation for pile caps, by defining a width equivalent. 
This is possible because the heat transfer takes place mainly towards the center to the top of the pile 
cap. 
 Due to the presence of the forms on the sides and bottom of the pile cap, which being made 
of wood provide thermal insulation, the primary heat flow occurs toward the top of the pile cap. For 
a prismatic pile cap with height H  and dimensions A  and B in plan, the area of the upper face is
AB . A pile cap of same height, but with circular plant of diameter L , has its upper face with area
42Lπ . To this circular pile cap, the problem is axisymmetric and may be analyzed for a rectangle 
of width L  and height H . Equaling these areas of the two pile caps, it is obtained the equivalent 
width 
 
π
ABL 4=                                                                        (1) 
 
  
2. Analysis of heat transfer 
 
 The problem of two-dimensional heat transfer in a material with constant thermal properties, 
is governed by the differential equation 
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where xk  and yk  are the thermal conductivity in x and y directions, respectively; c  is the specific 
heat; ρ  is the density; T  is the temperature; gq  is the rate of heat generation; t  is time. For 
concrete, it is admitted the isotropy, so that yx kkk == . 
 This differential equation may be solved with use of the finite element method and an 
integration algorithm step by step. Employing the standard procedure of the finite element method, 
it is possible to determine temperatures in each point of the concrete pile cap. The formulation of 
the finite element method (FEM) is presented in detail in references [12, 13].  The boundary 
conditions of this thermal problem are defined in Fig. 1. 
 
 
Figure 1.  Boundary conditions of the heat transfer problem. 
 
 The boundary conditions are specified in all faces of the pile cap using the coefficients of 
heat transfer by convection 1h ,  2h  and 3h . These coefficients may vary within a relatively wide 
range, depending on the wind speed, of the material used as forms and of the thermal resistance of 
the rock or soil at the bottom of the pile cap. For the top face, it is considered 5.131 =h  W/m
2°C as 
being the mean heat transfer coefficient to air. For the lateral faces, the equivalent transfer 
coefficient, 2h  takes into account the insulating effect of forms. This coefficient is obtained by 
means of the equation 
 
m
m
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12
11                                                                   (3) 
 
where mt  is the thickness of the forms and mk  is the thermal conductivity of its material [14]. 
 
 Considering, for example, wooden forms with 18=mt mm and 14.0=mk W/m
oC, results 
93.42 =h  W/m
2oC for the lateral faces (with units W= Watt, m= meter and oC= degree Celsius). 
The relationship 12 hh=δ   has the value 365.0=δ . After the forms are removed, has 5.132 =h  
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W/m2 oC for the lateral faces. In this work, it is adopted 23 hh =  during the entire analysis. 
Moreover, it is not considered the removal of forms to obtain the greatest temperature gradient 
toward the top of the pile cap. 
   
 
3. Thermal properties of concrete 
 
 According to Euro code EC2 [7], for temperature of 20°C, the thermal conductivity of 
concrete varies between 33.1inf =k W/m
oC and 95.1sup =k W/m
oC. The mean value is 
approximately 65.1=k  W/moC. The specific heat of concrete may be considered equal to 900=c
J/kgoC, for temperatures between 20oC and 100oC (with units: J= Joule, kg= kilogram and oC= 
degree Celsius). The mean density of usual concrete is 2400=ρ  kg/m3. 
 The heat of hydration hQ  is the total amount of heat generated by the complete hydration of 
the cement. It depends on content and type of cement, as well as the temperature. The rate of 
hydration also depends on the type of cement. For normal hardening cements, the heat of hydration 
may reach 350=hQ kJ/kg at 28 days of age, or a higher value. 
 The function ( )tTa , which represents the adiabatic temperature rise of concrete, varies with 
the type of cement, the type of aggregate and the water-cement ratio. In this work, it is adopted the 
expression 
 




 −= −
7.05.0
max, 1)(
t
aa eTtT                                                          (4) 
with the age t  in days. 
 
 The theoretical curve given by equation (4) is the best fit to a series of concrete mixtures 
used in Itaipu dam and Tucurui dam, both located in Brazil [15]. The maximum temperature max,aT  
may be obtained from the relationship 
 
cR
ch
a MCc
MQT == ∞
ρmax,
                                                            (5) 
 
where ∞hQ  is the total hydration heat per kg of cement, cM  represents the cement content per m
3 
of concrete and ( )ρcQC hR ∞=  is the coefficient of thermal efficiency, representing the maximum 
adiabatic temperature rise per kg of cement per m3 of concrete. 
 The heat of hydration released until the age t  days is given by 
 
( ) ( )tTctQ ah ρ=                                                                         (6) 
 
 Finally, considering equations (4), (5) and (6), the rate of heat generation ( ) dttdQq hg =  
may be obtained. 
 
 
4. Results of thermal analysis 
 
 Software based on the finite element method, developed by the Author [12], was employed 
to analyze pile caps of width L  and height H , as shown in Fig. 1. In all the examples, it is 
considered a concrete hydration heat 400=∞hQ kJ/kg, which corresponds to the coefficient of 
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thermal efficiency 19.0=RC
oC/(kg/m3). The other concrete properties are 65.1=k  W/moC, 
900=c J/kgoC and 2400=ρ  kg/m3. The heat transfer coefficients are 5.131 =h  W/m
2oC e  
93.432 == hh  W/m
2oC, with 365.012 == hhδ . It is assumed that the placement temperature of 
concrete is equal to 25oC and the mean air temperature is equal to 20oC. 
 Fig. 2 shows the temperature variations at the center, at the top, and the temperature 
difference between these two locations for a pile cap of width 4.1=L m and height 7.0=H m. 
Cement content is 350 kg/m3.  
 
 
Figure 2.  Temperature variations in concrete (pile cap height: H = 0.7 m). 
 
 It is observed that the thermal equilibrium is reached about two weeks after the concrete 
placement. The peak temperature occurs at an age 3.1=t  day. The maximum temperature reached 
inside the pile cap is 8.42max =T
oC. Maximum temperature difference between the core and the top 
of the pile cap is 8.13=∆T oC. 
 Maximum temperatures depend on the size of the concrete pile cap, in addition to other 
factors involved in the thermal analysis. For the structural design, it is desirable to find an equation 
that allows to obtain the maximum temperature difference T∆  between the core and the surface of 
the pile cap. For this, it is desirable to correlate T∆  with an equivalent thickness of the pile cap. 
 The equivalent thickness eH  may be defined as being the ratio between the area of the 
rectangle LH  and the perimeter where the heat is lost. In order to take into account the insulating 
effect of the forms and the thermal resistance imposed by soil, the equivalent thickness is defined as 
 
( ) HL
HLHe
23 21 δδ ++
=                                                           (7) 
 
where 122 hh=δ  and 133 hh=δ  are relationships between the coefficients of heat transfer. 
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 In the numerical examples, it is considered 32 δδδ ==  because 93.432 == hh  W/m
2 oC. If 
the insulation is not taken into account, 1=δ  and ( )HLLHHe += 2 . If the insulation is complete, 
0=δ  and HHe = . In an actual situation, the equivalent thickness varies between these two limits. 
 In order to determine the correlation between T∆  and eH , they were analyzed pile caps of 
width L  ranging between 0.3 m to 8.0 m and height H  ranging between 0.3 m and 2.0 m. By 
varying these dimensions, they were obtained various combinations of HL . In this numerical 
analysis, it was considered 365.0=δ . Other data remained unchanged, varying only the cement 
content. 
 The finite element model, as described in [12, 13], was used to determine the temperature 
field in the pile cap. Based on the results obtained with this finite element analysis, the following 
equation was found 
 
( ) ( ) 2
1000
8.91840
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=∆                                (8) 
 
where cM  is the cement content in kg/m
3, eH  is the equivalent thickness in meters and T∆  is 
given in oC. 
 
 Equation (8) was obtained from a two-dimensional thermal analysis. It may be used for 
three-dimensional pile caps with a proper definition for the width L . For pile caps with circular 
base, it may be adopted DL = , where D  is the diameter of the base. For pile caps with a 
rectangular base, the equivalent width is given in equation (1). If the heat of hydration of cement 
∞hQ  is different from 400 kJ/kg, it is possible to employing the equation (8) using the equivalent 
cement content ( ) 400∞= hcce QMM . 
 The two-dimensional model for heat transfer analysis was compared with a three-
dimensional model presented by Klemczac and Knoppik-Wróbel [16]. The results obtained were 
very similar, which confirms the validity of the two-dimensional analysis, considering the 
equivalent width given in equation (1). 
 
5. Stress analysis 
 
 The determination of stresses in concrete resulting from temperature variations, may be 
carried out using the finite element method, as described in [12, 13]. In this case, the FEM is used to 
determine temperature increments and stress increments in each time interval. However, for this 
particular problem it is possible to make a simplified analysis, considering only the vertical section 
passing through the center of the pile cap. Since the stresses depend directly on temperature 
gradients, it is possible to analyze only this vertical section, because it is the one that presents the 
greatest temperature gradient. 
 Fig. 3 shows the temperatures and strains on this vertical section. 
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Figure 3. Temperatures and strains in the vertical section. 
 
 The variation of temperature in relation to placement temperature oT , in a point at a distance 
y  from the bottom, is oo TTT −=∆ . It is observed that ( )ytTT oo ,∆=∆  is a function of the age t  
and of the distance y  to the bottom. 
 The free thermal strain in this point of coordinate y  is given by 
 
 ( )ooo TTT −=∆= ααε                                                          (9) 
 
where 510−=α oC-1 is the coefficient of thermal expansion for concrete. 
 
 Since the vertical section remains plane and vertical, actual strain ε  must be constant along 
the height. Due to this difference between the restrained strain ε  and the free strain oε , normal 
stresses cσ  arise along the height of the section. These stresses depend on the difference 
oεεε −=∆  between the restrained strain and the free strain. 
 Stresses in concrete are obtained with the stress-strain diagrams shown in Fig. 4. The 
diagram for tensioned concrete is proposed by CEB-FIP Model Code [8] and also adopted in FIB 
Model Code [10]. This diagram takes into account the progressive micro-cracking which starts at a 
stress of about 90% of the tensile strength. The micro-crack grows and forms a discrete crack at 
stress close to the mean tensile strength ctmf . 
 
 
Figure 4. Stress-strain diagrams for plain concrete. 
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 The strain cctmct Ef9.01 =ε  is evaluated with the mean tensile strength ( )tfctm  and the 
tangent modulus ( )tEc  at an age t  days. The strain 2ctε  is constant and equal to 0.00015. 
Favorable effects of creep are not considered. 
 According to CEB-FIP Model Code [8], these properties of concrete at an age t  days are 
given by 
( ) ( )[ ] 2821 cccc EttE β=                                                           (10) 
 
( ) ( ) 28ctmccctm fttf β=                                                              (11) 
 
where 28cE  and 28ctmf  are the tangent modulus and mean tensile strength at the age of 28 days, 
which may be obtained from the compressive characteristic strength ckf , according to relationships 
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 with ckf  given in MPa. 
 The aging function ( )tccβ  is given by 
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where s  takes into account the type of cement (CEB 1993). 
 
 In order to perform an early-age structural analysis, it is necessary to establish a minimum 
age from which the mechanical properties of concrete are measurable. In general, it may be 
assumed that age as 12 hours, which corresponds to a degree of hydration of about 20% for the 
normal hardening cements [17]. Therefore, the stress analysis is performed only for 5.0>t day. 
 If the restrained strain ε  is known along the height of the pile cap, the difference 
( )oTT −−=∆ αεε  may be evaluated in each point situated at a distance y  from the bottom. Using 
the stress-strain diagrams of concrete, one obtains the stress ( )ytcc ,σσ = .  As the normal effort in 
this central section is null, one should have 
 
0
0
=∫
H
c dyσ                                                                     (15) 
 
 Equation (15) allows us to determine the restrained strain ε  through an iterative process. A 
numeric integration is performed in each iteration. Then, it is estimated ( )oTT −−=∆ αεε , 
yielding the stresses ( )ytcc ,σσ =  along the height of the pile cap, as illustrated in Fig. 5. 
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Figure 5.  Normal stresses in the vertical section. 
 
 The layers near the top and bottom of the pile cap are under tension, while the central region 
is compressed. Tensile normal efforts along these faces are 1N  and 2N , and may be obtained by 
numerical integration. The maximum tensile stress max,ctσ  occurs at the top of the pile cap. 
Cracking occurs when ctmct f=max,σ , where ( )rctmctm tff =  is the mean tensile strength of 
concrete in the age rt  days. At this moment, the effort 1N  is equal to the cracking normal effort rN . 
This cracking effort may be written as 
 
28ctmor fhN =                                                                (16) 
 
where 28ctmf  is the mean tensile strength of concrete at the age of 28 days and oh  is the thickness 
of the surface layer that is relevant to calculate the minimum reinforcement. 
 
 
6. Results of stress analysis 
 
 Results presented below were obtained for a set of pile caps with width varying from 
3.0=L  m to 0.8=L  m and height ranging from 3.0=H  m to 0.2=H  m. In total they were 
made 24 combinations of these two dimensions. Moreover, the cement content varied between 
300=cM kg/m
3 and 400=cM kg/m
3. For the compressive strength of concrete they were 
considered values of 20 MPa, 25 MPa, 30 MPa and 40 MPa. It is assumed normal hardening 
cement, with 25.0=s  in equation (14). Data for thermal analysis are the same as those 
adopted previously. 
 Fig. 6 shows the relationship between the thickness of the surface layer oh , as defined in 
equation (16), and the equivalent thickness eH . As observed, the values of oh  depend on the 
cement content. However, there is no a correlation with the compressive strength of concrete or 
with the equivalent thickness.  
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Figure 6.  Thickness of the surface layer to calculate the minimum reinforcement. 
 
 Fig. 7 shows variations of the thickness oh  with the maximum adiabatic temperature max,aT , 
as defined in equation (4). 
 
 
Figure 7. Variation of ho with Ta, max (R2=0.98). 
 
 As shown in Fig. 7, there is a direct correlation between the thickness of the surface layer 
oh  and the maximum adiabatic temperature rise. The adjustment equation is shown in Fig. 7. The 
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coefficient of determination is R2=0.98. Anyway, it is recommended to consider a minimum value 
of 10 cm for oh , as a prudent criterion. 
 In order to calculate the crack width, it is convenient to correlate the maximum tensile stress 
in concrete with the maximum temperature difference T∆  between the core and the top of the pile 
cap. As seen, this temperature difference may be correlated with the equivalent thickness eH  and 
the cement content cM , by means of the equation (8). The maximum stress max,ctσ  may be written 
as 
 ( ) TtER cct ∆= ασ max,                                                               (17) 
 
where R  is the restraint factor for imposed deformations. 
 
 At the moment of cracking, rtt = , ( )rctmct tf=max,σ  and crTT ∆=∆ . Thus, equation (17) 
may be written as 
( )
( ) crrc
rctm
TtE
tf
R
∆
=
α
                                                                   (18) 
 
this makes it possible to determine the restraint factor. 
 Values of R  obtained through the equation (18) are shown in Fig. 8. It is observed that there 
is no direct correlation between R  and the equivalent thickness eH . The maximum value obtained 
was equal to 0.32. Assuming a safety factor equal to 1.4, its design value is 45.032.04.1 == xR . 
Soon, all cases analyzed are handily covered by the usual value 5.0=R . 
 
 
Figure 8.  Restraint factors obtained with the FEM. 
 
  Fig. 9 shows the variation of crT∆  with respect to the equivalent thickness eH . The 
points indicated in Figure 9 show a reasonable dispersion about the line of least squares (coefficient 
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of determination R2=0.42). However, the maximum difference between the temperature obtained 
with the FEM and the one that is predicted with the adjustment equation is lower than 1.2 oC. 
 
 
Figure 9. Critical temperature difference at the moment of cracking. 
 
 
7. Design procedure 
 
 As a result of this study, the following procedure may be recommended for design of skin 
reinforcement of concrete pile caps: 
 
Data: 
Pile cap dimensions: A  and B  in plan and height  H , in meters. 
Concrete: characteristic strength ckf  (MPa) and cement content cM (kg/m
3). 
 
 Checking the risk of thermal cracking: 
 
Equivalent width (m):   
π
ABL 4=  (see equation (1)) 
Equivalent thickness (m): ( ) HL
HLHe δδ 21 ++
=  , with 365.0=δ  (see equation (7))  
 
Maximum temperature difference between the center and the top of the pile cap (oC):  
 
( ) ( ) 2
1000
8.91840
1000
904760
e
c
e
c H
M
H
M
T
+
−
+
=∆   (see equation (8)) 
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 If the heat of hydration of cement ∞hQ  is different from 400 kJ/kg, it may be used the 
equivalent cement content ( ) 400∞= hcce QMM  in place of cM . 
 
 Critical temperature difference (oC):  ecr HT 220 −=∆  (see Fig. 9) 
 
• If crTT ∆<∆ , there is no risk of thermal cracking. 
 In order to avoid cracking caused by thermal shock and/or differential shrinkage, it may be 
adopted a skin reinforcement of approximately 2cm2/m on the pile cap sides. This is the skin 
reinforcement for deep beams, as recommended by ACI 318 [9]. 
 
• If crTT ∆>∆ , there is risk of thermal cracking of the pile caps sides. In this case, it is necessary 
to calculate skin reinforcement to control the crack width. 
 
Calculation of the skin reinforcement: 
 
A) Minimum reinforcement to support the cracking effort: 
 
Adiabatic temperature rise:  
ρc
MQ
T cha
∞=max, , (see equation (5)), 
where ∞hQ  is the heat of hydration per kg of cement (in kJ/kg), cM  represents the cement content 
per m3 of concrete (in kg/m3), 9.0=c  kJ/kgoC is the specific heat of concrete and 2400=ρ kg/m3 
is the density of concrete. 
 
Thickness of the surface layer:  ( )[ ] 10ln35.175.7exp max, ≥−= ao Th cm  (see Fig. 7) 
 
Minimum reinforcement area:  
yd
ctmo
s f
fh
A 28min,
100
= , cm2/m 
where 28ctmf  is the mean tensile strength of concrete at the age of 28 days and ydf  is the design 
yield strength of steel. 
 
B) Reinforcement required for crack width control: 
 
 According to the cracking model of CEB-FIP Model Code [8], the reinforcement ratio for 
crack width control is given by  
lim,6.3 k
cn
se w
Rεφ
ρ = , 
where: 
φ  is the diameter of the steel bar, in mm; 
Tcn ∆= αε  is the imposed deformation, with 
510−=α oC-1 (coefficient of thermal expansion of 
concrete); 
5,0=R  is the restraint factor; 
lim,kw  is the limit value of crack width, in mm. 
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 The reinforcement area is eses hA ρ= , where eh  is the thickness that is relevant for 
calculation of crack width, given by ( )φ5,05,2 += che , where c  is the nominal concrete cover of 
the steel bars. 
 If to result min,ss AA < , it is adopted  min,ss AA = . 
 
8. Numerical examples 
 
 In the two examples below, we consider the following properties of concrete: 
  Characteristic strength: 25=ckf MPa  
  Heat of hydration: 400=∞hQ kJ/kg  
  Specific heat: 9.0=c  kJ/kgoC 
  Density: 2400=ρ kg/m3 
  Estimated cement content: 380=cM  kg/m
3 
 Since 400=∞hQ  kJ/kg, it is considered the actual cement content. 
 
Example 1: 
 
Pile cap dimensions: 60.1=A m, 60.1=B m, 70.0=H m 
 
Calculations: 
Equivalent width: →==
ππ
60.160.144 xxABL 81.1=L m 
Equivalent thickness: ( ) ( ) →++=++= 70.0365.0281.1365.01
70.081.1
21 xx
x
HL
HLHe δδ
42.0=eH m 
 
Maximum temperature difference: ( ) ( ) 2
1000
8.91840
1000
904760
e
c
e
c H
M
H
M
T
+
−
+
=∆  
( ) ( )
→
+
−
+
=∆ 242.0
1000
3808.9184042,0
1000
380904760 xxT  4.15=∆T oC 
 
Critical temperature difference: →−=−=∆ 42.0220220 xHT ecr 2.19=∆ crT
oC 
 
Since crTT ∆<∆ , there is no risk of thermal cracking.  
 In order to avoid cracking caused by thermal shock and/or differential shrinkage, it may be 
adopted a skin reinforcement of 2cm2/m on the pile cap sides. 
 
Example 2: 
 
Pile cap dimensions: 00.4=A m, 00.4=B m, 60.1=H m 
 
Calculations: 
Equivalent width: →==
ππ
00.400.444 xxABL 51.4=L m 
Equivalent thickness: ( ) ( ) →++=++= 60.1365.0251.4365.01
60.151.4
21 xx
x
HL
HLHe δδ
99.0=eH m 
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Maximum temperature difference: ( ) ( ) 2
1000
8.91840
1000
904760
e
c
e
c H
M
H
M
T
+
−
+
=∆  
 
( ) ( )
→
+
−
+
=∆ 299.0
1000
3808.9184099,0
1000
380904760 xxT 1.33=∆T oC 
 
Critical temperature difference: →−=−=∆ 99.0220220 xHT ecr 0.18=∆ crT
oC 
 
Since crTT ∆>∆ , it is necessary to check the thermal cracking. 
 
A) Minimum reinforcement to support the cracking effort: 
 
 
4.70
24009.0
380400
max, =×
×
== ∞
ρc
MQT cha
oC 
 
( )[ ] ( )[ ]→−=−= 4.70ln35.175.7expln35.175.7exp max,ao Th 4.7=oh cm 
 
As it resulted 10<oh cm, it is adopted the minimum thickness: 10=oh cm. 
 
32
28 10
40,1 




= ckctm
ff   , MPa   (see equation (13)) 
→







=
32
28 10
2540,1ctmf   58.228 =ctmf MPa   
 
435=ydf  MPa (design yield strength of steel) 
 
→==
435
58.210100100 28
min,
xx
f
fh
A
yd
ctmo
s 93.5min, =sA  cm
2/m 
 
B) Reinforcement required for crack width control: 
 
Imposed deformation: →=∆= − 1.3310 5 xTcn αε  
5101.33 −= xcnε  (imposed deformation) 
Limit value of crack width: 2.0lim, =kw mm (adopted as a criterion of durability) 
Diameter of the steel bar: 10=φ mm (adopted) 
Nominal concrete cover: 5=c cm (adopted as a criterion of durability)  
 
 →==
−
2.06.3
)101.33(5.010
6.3
5
lim, x
xx
w
R
k
cn
se
εφ
ρ %23.0=seρ  ;   
 
( ) ( )→+=+= 15.055.25,05,2 xche φ 75.13=eh cm 
 
839 
 
16.375.13100
100
23.0100 =××== eses hA ρ cm
2/m 
 
As it resulted in min,ss AA < , it is adopted 93.5=sA cm
2/m. 
 
Solution: bars of 10=φ mm spaced at 13 cm. 
 
 
9. Conclusions 
 
 Software based on the finite element method (FEM) and developed by the Author [12], was 
employed for two-dimensional analysis of heat transfer. Through the definition of a width 
equivalent, this method was used to determine temperature rise in concrete pile caps due to heat of 
hydration of cement. The temperature distribution obtained with FEM was used to perform the 
stress analysis of the critical section of pile cap. The main parameters involved were correlated with 
an equivalent thickness of the pile cap. 
 Based on the obtained results, it was proposed a methodology to calculate the skin 
reinforcement of large concrete pile caps. This reinforcement is intended to control the crack width 
resulting from thermal stresses due to hydration of cement.  It should be noted that the skin 
reinforcement does not prevent cracking. It only limits the crack width, avoiding the emergence of a 
large crack that might compromise the durability of the structural element. For massive pile caps, it 
is necessary to adopt a set of measures, such as reducing the cement content, using pozzolanic 
cements, concrete placement in layers of small height, precooling and post-cooling of concrete, 
protection of concrete to avoid very rapid cooling of the surfaces, prolonged cure to reduce 
shrinkage, among others. The employment of skin reinforcement, solely, does not eliminate the 
need for such additional cautions. 
 Results of thermal analysis are very dependent on the concrete properties and boundary 
conditions. So it should be clear that the results obtained, as well as the proposed design 
methodology, are limited to the conditions that have been adopted in this work. The method for 
checking the risk of thermal cracking and calculating skin reinforcement may be used to pile caps of 
equivalent height up to 2.0 m. For larger pile caps, it is necessary to perform specific study, 
considering thermal properties and boundary conditions corresponding to the actual situation. 
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